He will not know what all but he do know.

And as he errs, doting on Hermia\'s eyes.

So I, admiring of his qualities.

Things base and vile, holding no quantity.

Love can transpose to form and dignity.

Love looks not with the eyes, but with the mind.

And therefore is winged Cupid painted blind.

Nor hath Love\'s mind of any judgment taste.

Wings and no eyes figure unheedy haste.

-William Shakespeare

Midsummer Night\'s dream (1.1.232-243)

I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

From an evolutionary perspective romantic love could be considered as a collection of activities associated with the acquisition and retention of emotions needed to survive and reproduce. These emotions change the individual\'s behavioral strategies in a way that will increase the likelihood of achieving these goals.\[[@ref1]\] The enduring question for science has been that if these evolutionarily determined behaviors have a biologic substrate and correlation with activation of specific brain areas (and hormones)?\[[@ref2]\] This review attempts to summarize our current understanding of the neuroendocrinology of romantic love.

A D[EFINITION OF]{.smallcaps} L[OVE]{.smallcaps} {#sec1-2}
================================================

While poets and philosophers are more adept at defining love, for the purposes of this review, this particular definition seems to be apt: Love is an emergent property of an ancient cocktail of neuropeptides and neurotransmitters.\[[@ref3]\]

T[HE]{.smallcaps} D[ICHOTOMY]{.smallcaps} B[ETWEEN]{.smallcaps} C[OURTSHIP AND]{.smallcaps} S[EX]{.smallcaps} {#sec1-3}
=============================================================================================================

Despite the intimate intertwining of the sexual drive with courtship, for over 4 decades investigators have suggested that these processes may be distinct \[[@ref4]\] but operate in tandem \[[Table 1](#T1){ref-type="table"}\]. Human romantic love (hereafter just love) is cross-cultural, universal, and associated with distinct physiologic, psychological, and behavioral traits.\[[@ref5]\] Many of these traits are also characteristic of mammalian courtship which includes increased energy, focused attention, obsessive following, affiliative gestures, possessive mate guarding, goal-oriented behavior, and motivation to win a preferred partner.\[[@ref2]\]

###### 

Comparison of three motivations involved in "love"

![](IJEM-20-558-g001)

In humans, love often begins when an individual starts to regard another individual as special and unique. This is followed by focused attention, aggrandizement of traits and worth of the object of attention, and minimizing of his or her faults. There is increased ecstasy when things go well, despair when they do not and separation anxiety when apart.\[[@ref6]\] Emotional dependence, empathy, sacrifice, and obsessive thinking are common. Sexual desire, intense sexual possessiveness, and mate guarding are present, but the emotional union appears to supersede the craving for sex. Rejection triggers protest and rage, moving into resignation and despair. It has been suggested that love as a preference system is associated with action and conditioning of specific neuroendocrine pathways.

L[OVE AS A]{.smallcaps} P[RIMORDIAL]{.smallcaps} D[RIVE]{.smallcaps} {#sec1-4}
====================================================================

It has been proposed the love is not primarily an emotion but a motivation system (i.e., a system oriented around the planning and pursuit of a specific want or need) designed to enable suitors to build and maintain an intimate relationship with a specific mating partner.\[[@ref7]\] Functional magnetic resonance imaging (MRI) studies demonstrate the involvement of areas associated with motivation and goal-oriented behavior in love suggesting that love is a primary motivation system a fundamental human mating drive.\[[@ref8]\] Several lines of evidence support this view that love is not an emotion but motivation and are reviewed elsewhere. (8) Love also appears to be stronger than sex drive-those rejected by sexual overtures rarely kill themselves or others. Abandoned lovers sometimes stalk, commit suicide homicide, or fall into clinical depression.\[[@ref7]\]

S[TRESS AS AN]{.smallcaps} I[NITIATOR]{.smallcaps}/F[ACILITATOR OF]{.smallcaps} L[OVE]{.smallcaps} {#sec1-5}
==================================================================================================

The early phase of love represents an extreme neurobiological state somewhat contradictory in a physiologic sense from subsequent phases and states. Stress appears to be the trigger for a quest for pleasure, proximity, and closeness. As a norm, moderate stress encourages social interaction.

Within a homeostatic range, stress-related physiologic processes including the hormones of the hypothalamo-pituitary adrenal axis can help develop and promote social bonding.\[[@ref9]\] Indeed, some of the signs commonly associated with love-anxiety palpitations increased peristalsis are manifestations of the stress response (albeit in a pleasurable way). Indeed, subjects in love show higher levels of cortisol when compared to controls.\[[@ref10]\] This "love induced hypercortisolemia" may represent a nonspecific stress response to change that characterizes early phases of relationships or a physiologic state of alertness that may help overcome neophobia. Irrespective, this stress response appears to be important in the formation of social contact and attachment.

Central norepinephrine may also be involved. Increased activity of norepinephrine generally produces alertness energy sleeplessness and loss of appetite, increased attention, and increased memory for new stimuli which characterize (the earlier) phases of human love.\[[@ref11]\] Norepinephrine is also associated with peripheral sympathetic nervous systems including increased heart rate, sweating trembling which may explain this experience in love.\[[@ref12]\]

Positive social interactions and pair bonding (see below) appear to alleviate stress through oxytocin (OT) facilitating security and support. It appears therefore that initial anxiety and stress is an inherent component of early love which reaches its fulfillment through "the chill" rendered by love and deep relationships. These appear to be mediated by a complex interaction between pathways that link stress response to reward mechanisms. Indeed, serotonin-dependent pathways such as the amygdala appear to interact with OT (see below). OT administration appears to decrease anxiety by inhibiting amygdala activity.\[[@ref13]\]

G[ONADAL]{.smallcaps} H[ORMONES]{.smallcaps} {#sec1-6}
============================================

The role of gonadal hormones in this regard appears to be facilitatory but peripheral in love. Sex hormones may exert developmental effects on neural systems involved in social attachments and may mediate both genetic and environmental influences on the propensity to love and form attachments.\[[@ref14]\] Testosterone receptors are distributed in the hypothalamus. Testosterone through these receptors may suppress levels or activity of serotonin which apparently increases aggressiveness. Testosterone further enhances vasopressin levels in the medial amygdala lateral hypothalamus and pre-optical medial area which are involved in aggressive behaviors.\[[@ref15]\] Gonadal hormones may further regulate OT and vasopressin through indirect mechanisms. However, social attachment does occur even in the absence of gonadal steroids suggesting that gonadal hormones are only a small piece of an intricately knit puzzle that form the complex phenomenon called love.

Gender differences evident on functional imaging in the partner preference and early phases of love warrant mention. Men show more activity in a region of the right posterior dorsal insula (an area correlating with penile turgidity and viewing of beautiful faces) and in regions associated with the integration of visual stimuli. Women tend to show more activity than men in regions associated with attention, memory, and emotion. Courting men respond more strongly than women to visual signals of youth and beauty. Women appear to be more attracted to men who offer status and resources.\[[@ref16]\]

V[ASOPRESSIN]{.smallcaps} O[XYTOCIN AND]{.smallcaps} "P[AIR]{.smallcaps} B[ONDING]{.smallcaps}" {#sec1-7}
===============================================================================================

Pair bonding is a very bland scientific term for enduring (romantic) relationships (attachment) and is seen in \<5% of the mammalian species.\[[@ref17]\] Pair bonding across species is defined as an enduring preferential association formed between two sexually mature adults and is characterized by selective contact, affiliation, and copulation with the partner over a stranger.\[[@ref18]\] These are associated with other complex behaviors including mate guarding and biparental care of the young.

Pair bonding evolved most likely, as an adaptive response to the need of additional parental investment in the rearing of the young and mechanisms through which this relationship was preserved (mate guarding). In other words, romantic relationships and their persistence (through monogamy) was an evolutionary necessity in species in which bi-parental care of the offspring was critical. There are clear benefits to both partners of the relationships as well. In humans, individuals in stable marital relationships live longer than single individuals cross demographic groups. High levels of intimacy correlate negatively with depression and positively with immune function and cardiovascular health.\[[@ref19]\]

Most of our knowledge on the neuroendocrinology of intimacy is based on the work on the prairie vole (Microtus ochrogaster) a humble but socially monogamous model from the grasslands of the central United States. In this harsh grassland with scarce resources, the prairie vole evolved into a monogamous animal with breeding pairs living together until one partner dies; the surviving partner does not find another mate. The male prairie vole is highly paternal, helps with nest building guards the nest from conspecific strangers. In general, an animal with low levels of aggression, the male displays enhanced levels of aggression toward strange males. It displays high levels of paternal behavior to litters; this extends to juveniles even after a second litter is born.

Arginine vasopressin (AVP) OT and dopamine (DA) have been reported to be important in regulating social behavior including sexual behavior, aggression, and maternal care. While there are no differences in AVP and OT neurons or their distribution between the monogamous prairie voles and their polygamous cousins, remarkable differences are seen in the receptor distribution (the V1aR and OT receptor \[OTR\]) and their densities. Interestingly, these densities are stable across the lifespan of the vole. These differences may explain by subtle differences in the promoter region the V1aR and the OTR.\[[@ref20]\] The human version of this gene has similar polymorphisms. It is possible that epigenetic modifications of the OTR are also involved.\[[@ref21]\]

In the male prairie vole, cohabitation with mating appears to increase AVP synthesis in the bed nucleus of the stria terminalis and AVP release in the limbic system. In the female chemosensory clues altered OTR density in the AOB. Activation of the OT and vasopressin receptors in these centers might result in the development of a conditioned partner preference in prairie voles. Antagonism of the OTR impairs the formation of pair bonds. This effect appears to be larger in the female.

Knockdown of VP production in the paraventricular nucleus of the hypothalamus in the zebra finch increases aggressiveness in the male decreases it the female and reduces gregariousness in both. Knockdown of OT reduces gregariousness, pair bonding, nest cup ownership and side by side perching in females and induces hyperphagia in males.\[[@ref22]\] An association between arginine vasopressin receptor 1A polymorphism and human pair bonding behavior analogous to voles has been reported.

AVP activity in the ventral palladium affects partner preference. V1aR activation in this region is necessary for pair bond formation.\[[@ref23]\] Similarly, activation of the OT in the nucleus accumbent (NA) also contributes to partner preference and pair bonding.

Functional MRI studies of human partners in long-term relationships show activation the ventral palladium putamen the anterior cingulate cortex and the mid-insular cortex.\[[@ref24]\] The ventral putamen/palladium region in particular corresponds to the distribution of V1a receptors in the prairie vole. The areas appear, and connections appear to be distinct but related to those for maternal love. Maternal love activated specific different areas including the lateral orbit frontal cortex but also some same areas as (romantic) love including medial insula, the anterior cingulate gyrus, and caudate nucleus. Both appear to share areas rich in OT and AVP receptors.

L[OVE AS A]{.smallcaps} R[EWARD]{.smallcaps} {#sec1-8}
============================================

From the very beginning of our efforts, in understanding the biologic basis of love it has been clear that it involves reward centers in the brains. In this love and addictions (such as by drugs) are somewhat interconnected the one key difference is that naturally rewarding activities such as love are controlled by feedback mechanisms that activate aversive centers that limit the destructive qualities of addiction seen with drugs.\[[@ref25]\] Love activates specific regions in the reward system. The effects include a reduction in emotional judgment and reduced fear and also reduced depression and enhanced mood. It also leads to a reduced need to assess the social validity of that person.\[[@ref26]\] It thus appears to deactivate areas mediating negative emotions, avoidance behavior critical social assessment and, on the other hand, triggers mechanisms involved in pleasure reward and appetitive motivation \[[Figure 1](#F1){ref-type="fig"}\].\[[@ref27]\]

![Nuclei associated with motivations collectively involved in "love"](IJEM-20-558-g002){#F1}

Studies which have examined the OT and AVP receptors strongly suggest that the activation of these receptors in the reward circuitry is important for the development of pair bonding. As a critical part of the reward process, DA appears to be central to the maintenance of love. Differences in DA and its receptor distribution densities have been reported in vole studies (vide above). Dopaminergic pathways appear to be more specific for partner preference that attachment.\[[@ref28]\]

While several DA systems exist in the brain, the mesolimbic DA system appears to be the most important in this respect. Both D1 and D2 receptors though partially functional antagonists are both significantly expressed in the NA. Other DA receptors (D3-5) are also linked to the limbic system and are substantially present in the amygdala and the hippocampus. Their functions include reward and motivation and appear to share common morphologic evolutionary and molecular roots. Endogenous opioids may also be involved in this process.

Early studies that involved functional MRI, which used the partner\'s photograph as a visual stimuli confirm the involvement of the right ventral segmental area (VTA) which is a central region of the brain\'s reward system \[[@ref29]\] associated with pleasure, general arousal, focused attention, and motivation to pursue and acquire rewards.\[[@ref24]\] The VTA projects into several regions including the caudate nucleus which plays a role in reward detection, expectation, representation of goals, and integration of sensory inputs to prepare for action. These appear to be true of both early intense (7.4 months) and a little later and not so intense love (28.8 months).\[[@ref30]\]

T[HE]{.smallcaps} R[OLE OF]{.smallcaps} S[EXUAL]{.smallcaps} A[CTIVITY]{.smallcaps} {#sec1-9}
===================================================================================

Clearly, sexual activity is an important component of the reinforcement of the reward system, and this appears to reinforce attachment. Increasing levels of testosterone and oestrogen promote DA release.\[[@ref31]\] Similarly, elevated activity of dopaminergic pathways appear to increase the release of testosterone and oestrogen. The relationship between elevated central DA sex steroids, sexual arousal, and performance appears to be conserved in humans (7). The sympathetic nervous system also appears to contribute.

Behavioral data support the complementary but distinct pathways for love and sex drive: (a) While sexual drive is often expressed toward a range of individuals while love is focused on one particular individual (b) the sex drive can be quelled when satiated; love does not decrease with coitus and persists unabated for months or years. Sex drive enables individuals to initiate courtship and mating with a range of partners; love focuses mating energy to specific individuals conserving time and metabolic energy (6).

Pleasure and reward activate behavioral patterns that get memorized for the goal of repetition and faster and better recognition later. There is clear evidence to support a connection between attachment behaviors and pleasure pathways that involve hippocampal mechanisms.

The VP is a major target of the NA. The interaction of OT, AVP, and the DA systems within the reward circuitry appears to be the foundation of monogamy. It is hypothesized that in monogamous species (such as the prairie vole) sex triggers the activity of AVP in the ventral pallidum and OT in the NA and facilitates DA release in these reward regions which in turn motivates the male and female to prefer a current mating partner and initiates attachment or pair bonding. In promiscuous species, the male feels the attraction but does not associate the pleasurable feeling with a specific partner and so does not initiate long-term attachment (23). The relationship with the DA reward systems also appears weaker in these species.\[[@ref32]\] Complex interactions between gonadal reward and sympathetic systems demonstrate there are distinct but overlapping neural networks involved in love and sex the latter contributing to the reinforcement of the former. Their interdependence also distinguishes romantic love from more platonic attachments including friendship and maternal love (vide above).

It is interesting to extrapolate this to humans. Humans engage in sexual activity throughout the cycle which may serve to strengthen the pair bond. Interestingly and in contrast to other species human females have enlarged mammary tissue independent of lactation. Breast and nipple stimulation are integral to human sexual activity.\[[@ref33]\] Nipple stimulation during lactation is one of the most potent stimulus for OT release.\[[@ref34]\] This part of sexual activity may reinforce pair bonding in humans. OT levels are elevated in women during orgasm and AVP in men increase during sexual arousal adding validity to the notion that sexual activity indeed reinforces the bond. In the postpartum state when sexual activity and desire decreases probably as a trade off in reproductive interests. This appears to be mediated by OT through activation of reward centers in the VTA.\[[@ref35]\]

Thus, the neuroendocrine system for sexual attraction and partner attachment appear to work in tandem in a monogamous species motivating individuals to prefer a specific mating partner and also motivating them to form an attachment to this mate. In nonmonogamous species, sexual attraction and partner attachment appear to operate independently. The neuroendocrine networks that mediate these complex relationships appear to themselves be complex, flexible, and interdependent and facilitate individuals of myriad species with the range of motivations, emotions, and behaviors necessary to pursue their species-specific reproductive strategy.\[[@ref8]\]

C[ONCLUSION]{.smallcaps} {#sec1-10}
========================

Landmark studies in the prairie vole coupled with functional MRI studies have helped us understand the complex interplay of distinct pathways that mediate sexual attraction, romantic love maternal love, and platonic friendships. Further ongoing research is attempting to delineate the biologic basis of complex traits including fidelity, trust, and spirituality. The role of modification of these neurotransmitters particularly OT in the therapy of autism, in trust deficit and in behavioral diseases requires further delineation. For example, OT is generally regarded as a hormone that enhances trust behavior. However, its administration of OT in women who have a forgiving attitude increases the chance that they may punish betrayal.\[[@ref36]\] Thus, the response to therapy with OT (and by inference other peptides) appears to be conditional to differences in the individual. These include sex and hormonal status, variations in the OTR, early experiences, epigenetic changes, and neuroplasticity.\[[@ref37]\] Large scale trials will further clarify the role of peptide therapy in modulating behavior. And whether successful or not, manipulating love and emotions hoists a slew of ethical red flags. At the time of this writing, however, romantic love retains its mystique continues to tantalize it has revealed some secrets but has manage concealed the vital.
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